Myeloid translocation gene (MTG) proteins are transcriptional repressors that are highly conserved across species. We studied the expression of three members of this gene family, MTGR1, MTG8, and MTG16 in developing mouse central nervous system by in situ hybridization. All of these genes are detected as early as embryonic day 11.5. Because these genes are known to be induced by proneural genes during neurogenesis, we analyzed the expression of MTG genes in relation to two proneural genes, Neurog2 (also known as Ngn2 or Neurogenin 2) and Ascl1 (also known as Mash1). While MTGR1 are generally expressed in regions that also express Neurog2, MTG8 and MTG16 expression is associated more tightly with that of Ascl1-expressing neural progenitor cells. These results suggest the possibility that expression of MTG genes is differentially controlled by specific proneural genes during neurogenesis.
INTRODUCTION
MTGR1 (also known as ETOR/ Cbfa2t2/EHT), MTG8 (also ETO/ Cbfa2t1), and MTG16 (also ETO-2/ Cbfa2t3/MTGR2) are members of the MTG (myeloid translocation gene) protein family. These proteins are transcriptional repressors that are highly conserved across species. A large body of research on the function of MTG proteins has been done focusing on oncogenesis, in which chromosomal translocation of MTG genes was associated with acute myeloid leukemia and breast cancer (for reviews, see Davis et al., 2003; Hug and Lazar, 2004; Rossetti et al., 2004) . It was believed that MTG proteins are expressed rather ubiquitously, because Northern blot analysis showed that a large number of organs express MTG transcripts (Miyoshi et al., 1993; Wolford and Prochazka, 1998; Morohoshi et al., 2000; Calabi et al., 2001 ). However, each transcript seems to be expressed in specific cell types. For example, MTG8 mutant mice showed impaired midgut development, whereas MTGR mutant mice failed to maintain secretory cell lineage in the small intestine (Calabi et al., 2001 , Amann et al., 2005 . Specific interactions of MTG proteins with Delta/Notch signaling and Wnt signaling pathways have also been suggested (Cao et al., 2002; Wildonger and Mann, 2005; Moore et al., 2008) .
During early stages of neurogenesis, MTG genes are strongly induced by a number of proneural basic helixloop-helix (bHLH) proteins including XNGNR-1, Xath3, Xath5, and XNeuroD, suggesting their role as a widely employed regulator of neuronal differentiation (Cao et al., 2002; KoyanoNakagawa and Kintner, 2005; Logan et al., 2005; Seo et al., 2007) . In the mouse telencephalon, MTG8 was identified as a potential target of Neurog2 (also known as Ngn2 or Neurogenin 2; Gohlke et al., 2008) . In addition, a later role of MTGR1 as a repressor of ␤1 integrin-dependent neurite outgrowth via regulation of EGF and FGF expression was recently reported (Ossovskaya et al., 2009) . In this report, we performed a detailed analysis of expression for each of the three members of the MTG family during neurogenesis in mice. Interestingly, we noticed that the domains of MTGR1 expression generally coincided with that of Neurog2, whereas expression of MTG8 and MTG16 was largely confined to the lineage of progenitor cells expressing Ascl1 (also known as Mash1). This correlation was further confirmed by analyzing gene expression in transgenic mice that express EGFP under the control of Ascl1 gene. These findings suggest that during neural development, each of the MTG genes may play specific roles in modulating the activity of bHLH transcription factors.
RESULTS AND DISCUSSION

Expression in the Telencephalon
MTGR1
MTGR1 started to be clearly detectable in the dorsal telencephalon at embryonic day 10.5 (E10.5). Expression was highly enriched in the preplate (PP, Fig. 1A ), where newly formed neurons reside. At this stage, Neurog2 was expressed in the ventricular zone (VZ) in a salt-and-pepper pattern ( Fig. 1B ; Gradwohl et al., 1996) . MTGR1 and Neurog2 appeared to share the same ventral border (Fig.  1A ,B, arrow), and were not detected in the ventral telencephalon. At E11.5, both MTGR1 and Neurog2 continued to be expressed in the dorsal telencephalon. MTGR1 was now more broadly expressed across the cortical wall ( Fig. 2A-C, Cx) , similar to Neurog2 ( Fig. 2E-G, Cx) . In addition, very weak MTGR1 expression was detected in the ventral telencephalon, including the lateral (LGE) and caudal (CGE) ganglionic eminences ( Fig.  2A,B) . At E13.5, MTGR1 was expressed in the dorsal telencephalon with a clear laminar preference (Fig.3A-D) . A high expression was found in the PP (Fig. 3A-D ) and the subventricular zone (SVZ, Fig. 3A-D) . Scattered cells in the VZ also expressed MTGR1 (Fig. 3A-D) . At this stage, Neurog2 was most densely expressed in the VZ (Fig. 3E-H) , with less dense expression in the SVZ ( Fig.  3E-H ; Gradwohl et al., 1996) . Highmagnification images on adjacent sections show that there is some overlap of expression between MTGR1 and Neurog2 in the SVZ (Fig. 3D,H) . At E15.5, MTGR1 was down-regulated in the neocortex; only the medial (Fig.  4B , mCx) and lateral (Fig. 4A ,B, lCx) parts of the dorsal telencephalon continued to express MTGR1. The same pattern of expression continued to postnatal day 0 (P0, not shown).
MTG8
MTG8 started to be expressed at E10.5 in the mantle zone of the ventral telencephalon (Fig. 1C, LGE and medial ganglionic eminence, MGE), while it was not detected in the cortex. At E11.5, MTG8 was strongly expressed in the mantle zone of MGE, LGE, and CGE (Fig. 2I,J) , but it was undetectable in the dorsal telencephalon ( Fig. 2I-K, Cx) . This ventral-specific expression was similar to that of Ascl1, although Ascl1 was only detected in the VZ, and not in the mantle zone (Fig. 2Q,R) . At E13.5, MTG8 was still expressed in the ventral telencephalic mantle zone, which is derived from the MGE and LGE (Fig. 3I ,J, double arrows). In addition, starting at this stage, MTG8 was also clearly detected in the cortical PP (Fig. 3I,J) . These cells are either derived from the dorsal telencephalon or have migrated from the MGE and CGE (Metin et al., 2006; Butt et al., 2005) . At E15.5, MTG8 expression in the cortex was decreased in general, with the exception of the medial (Fig. 4C,D , mCx) and lateral (Fig. 4C, lCx) parts, similar to MTGR1. The same pattern was found at P0 (not shown).
MTG16
Similar to MTG8, MTG16 was also expressed in the mantle zone of the ganglionic eminences starting at E10.5 (Fig. 1D ). Unlike MTG8, the level of expression was much higher in the MGE than in the LGE or CGE. The pattern at E11.5 was essentially the same as E10.5 (Fig. 2M,N) . Similar to MTG8, MTG16 was detected in the cortical PP at E13.5 (Fig. 3K) . At E14.5, after the splitting of the PP by the cortical plate, we saw both the marginal zone ( Fig. 4I ) and presumptive subplate (Fig. 4I , arrowheads) with significant levels of MTG16 expression. At E15.5, MTG16 was still expressed in the marginal zone (Fig. 4J ) and the subplate (Fig. 4J , arrowheads), but expression was higher in the lateral part of the telencephalon (Fig. 4E ,F, lCx). At P0, MTG16 was largely down-regulated in the cortex (data not shown). In contrast, at E15.5, Neurog2 expression was largely restricted to the VZ ( 
Expression in the Diencephalon
MTGR1
Strong expression of MTGR1 in the caudal diencephalon, including the thalamus (Fig. 2B ,C, Th) and the rostral pretectum (Fig. 2D, rPT) , started at E11.5. Weak expression continued rostrally into the prethalamus (Fig.  2C , PTh). At E13.5, when a prominent mantle zone was formed in the entire diencephalon, MTGR1 was detected along the outer edge of the VZ in the pretectum (not shown), the thalamus (Fig. 3C , Th, shown by arrowheads), and the prethalamus (Fig. 3C, PTh) . By E15.5, MTGR1 expression was down-regulated in these regions (Fig.  4B ). In addition to the above regions, at both E11.5 and E13.5, MTGR1 was expressed in the eminentia thalami, which is located dorsal to the prethalamus (Figs. 2B and 3C, EMT) (Puelles and Rubenstein, 2003) , as well as in the VZ, which is close to the future dorsomedial nucleus of the hypothalamus (Figs. 2B and 3C, HT). Within most of the MTGR1-expressing regions in the diencephalon, Neurog2 was expressed in the VZ (thalamus, Figs. 2F,G and 3G, Th; eminentia thalami, Figs. 2F and 3G, EMT; rostral pretectum, Fig. 2H, rPT) , except in the prethalamus (Fig. 2G, PTh) . In addition to the VZ, the mantle zone of the thalamus (Figs. 2F, 3G, double arrows) and a part of the hypothalamus (Figs. 2F, 3G, triple arrows) also showed Neurog2 expression at E11.5 and E13.5 (Gradwohl et al., 1996; Nakagawa and O'Leary, 2001 ). Thus, within the diencephalon, MTGR1 and Neurog2 showed a significant overlap in expression areas. In addition, where these two genes overlap, Neurog2 expression always preceded the induction of MTGR1.
MTG8
MTG8 expression in the mantle zone of the thalamus was first detected at E11.5 (Fig. 2K ,L, Th). At this stage, MTG8 was also expressed in the dorsocaudal part of the hypothalamus (paraventricular region; Fig. 2K , HT) where Ascl1 expression was strong and Neurog2 was absent (Fig. 2G ,K,S). Unlike MTGR1 and MTG16, expression of MTG8 in the pretectum was not clearly detected (Fig. 2L, rPT) . At E13.5, there was a gradient of MTG8 expression in the thalamic mantle zone, which was higher in the caudo-dorsal region (Fig. 3J , double arrowheads) than in the rostro-ventral region (Fig. 3J,   Fig. 2 
, and Ascl1 (Q-T) is shown. Cx, cortex; MGE, medial ganglionic eminence; LGE, lateral ganglionic eminence; CGE, caudal ganglionic eminence; EMT, eminentia thalami; HT, hypothalamus; rPT, rostral pretectum; cPT, caudal pretectum; Th, thalamus; pTH-R, rostral thalamic progenitor domain; ZLI, zona limitans intrathalamica. Scale bar ϭ 500 m. single arrowhead) (see Vue et al., 2007 , for axial nomenclature of the thalamus). This graded pattern of MTG8 expression in the thalamic mantle zone was already observed at E12.5 on sagittal sections (see Fig. 7F , Th), and continued to E15.5 (Fig.4D , caudodorsal part is shown by double arrowheads, whereas rostro-ventral part is indicated by a single arrowhead). In addition to the thalamus and paraventricular hypothalamus, MTG8 was also expressed in the reticular nucleus of the prethalamus (Fig. 4C, RT) and subthalamic nucleus of the hypothalamus (Fig.  4D, STh) . At P0, this region-specific expression pattern of MTG8 was still largely preserved (not shown).
MTG16
At E11.5, MTG16 was expressed weakly and broadly in the thalamic mantle zone. However, in the most rostro-ventral part of the thalamus, MTG16 was detected in a narrow band (Fig. 2O) , which is immediately lateral to the band of Ascl1-expressing domain in the thalamus (Fig. 2S , pTH-R). We previously showed that this Ascl1-expressing progenitor domain, termed pTH-R, gives rise to thalamic nuclei such as intergeniculate leaflet and the ventral lateral geniculate nucleus (Vue et al., 2007) . In addition to the thalamus, MTG16 was strongly expressed in the caudal pretectum (Fig. 2P, cPT) , which also expressed Ascl1 (Fig. 2T) . At E15.5 and later, MTG16 was expressed in the ventral lateral geniculate nucleus and intergeniculate leaflet (Fig. 4G , IGL/ vLG), which are derived from the Ascl1-expressing progenitor domain, pTH-R (Vue et al., 2007) . We also found that MTG16 was expressed in the paraventricular nucleus of the thalamus (Fig. 4G, PV) .
Expression in the Retina
MTGR1
In the retina, Neurog2 started to show a distinctive salt-and-pepper expression pattern in progenitor cells at E11.5 (Fig. 5A) . Coinciding with this expression, MTGR1 started to be detectable also at E11.5 (Fig. 5C ). Both genes are expressed highly in the central part of the retina (shown by arrows). At E13.5, we detected robust expression of MTGR1 as well as Neurog2 in the VZ (Fig. 6A,C) . In addition, MTGR1 was expressed in the ganglion cell layer as well (Fig. 6A, GCL) . At E15.5, MTGR1 was still expressed in the retina, but was further enriched in the ganglion cell layer (Fig. 6B , GCL), where Neurog2 was not detected (Fig. 6D , Gradwohl et al., 1996) . The expression level appeared to be decreased at P0 (not shown). Thus, the temporal and spatial expression patterns of MTGR1 and Neurog2 in the retina are consistent with the possibility that Neurog2 regulates the expression of MTGR1.
MTG8 and MTG16
MTG8 expression was first detected in the ganglion cell layer at E13.5 (Fig.  6E, GCL) , but not in the VZ. This pattern continued at E15.5 (Fig. 6F) . MTG16 expression in the retina was first detected at E13.5 (Fig. 6G) . The level of expression appeared to be higher in the ganglion cell layer than in the VZ, but the difference was not as clear as it was for MTG8 expression. At E15.5, MTG16 expression was clearly enriched in the ganglion cell layer (Fig. 6H, GCL) . Both MTG8 and MTG16 continued to be expressed in the ganglion cell layer at P0 (data not shown). Scattered expression of Ascl1 was first detected at E11.5 by immunohistochemistry (Fig. 5D ) and in situ hybridization (Fig. 5B) . With double labeling, it was found that Ascl1 was expressed in a largely non-overlapping population with Neurog2 (Fig.  5D) , which was consistent with a previous report (Marquardt et al., 2001 ). Ascl1 expression was maintained at E13.5 and E15.5, but was more highly expressed in the VZ than in the ganglion cell layer (Fig. 6I,J) . At P0, Ascl1 was still expressed in a pattern similar to E15.5 (not shown). 
Expression in the Midbrain and Hindbrain
On sagittal sections at E12.5, MTGR1 was expressed broadly in the middle layer of the midbrain (Fig. 7A,B , arrowhead) and the dorsal hindbrain near the 4th ventricle (Fig. 7A,B, double arrows) . Neurog2 was also expressed in the VZ of similar regions (Fig. 7C,D , arrowhead and double arrows). MTG8 and MTG16 were both expressed broadly in the midbrain and hindbrain, including much of the ventral midbrain (Fig. 7E-H , double arrows) as well as part of the hindbrain (Fig. 7E-H, HB) . MTGR1, MTG8, and MTG16 were also strongly expressed in the cerebellar primordium, outside the VZ (Fig. 7B ,E-H, Cb), whereas Ascl1 and Neurog2 were both expressed within the VZ. In summary, in the midbrain and hindbrain including the cerebellum, MTG genes were broadly expressed with significant overlaps. Similarly, Ascl1 and Neurog2 were expressed in the VZ with overlapping patterns (Fig. 7C,D,I,J) .
Expression in the Spinal Cord
MTGR1
At E10.5, we detected MTGR1 in the most dorsal progenitor population, presumably the dp1 domain ( Fig. 8A , arrowhead; Helms and Johnson, 2003; Zhuang and Sockanathan, 2006) . Neurog2, which is known to be expressed in the dp2 domain, was detected immediately ventral to the MTGR1-expressing domain on adjacent sections (Fig. 8C, arrow and arrowhead) . MTGR1 was also expressed more ventrally; the dorso-ventral level of this expression domain coincided with that of Neurog2 (Fig. 8A,C, double arrows) . In this ventral domain, Neurog2 expression extended more medially than MTGR1. At E12.5, MTGR1 expression became broader, covering most of the dorso-ventral extent, but with weaker expression ventrally. This dorso-ventral distribution of MTGR1-positive cells was very similar to that of Neurog2 (Figs. 8B,D, 9A,B, arrowheads) .
MTG8 and MTG16
MTG8 expression was found broadly in the mantle zone of the dorsal spinal cord already at E10.5 (Fig. 8E , arrowhead). Motor neurons also had strong expression (Fig. 8E, arrow) . At E12.5, expression became more diffuse and occupied most of the dorsal horn of the spinal cord (Fig. 8F, arrow) . Expression in motor neurons became weaker at this stage. MTG16 was expressed in a pattern similar to MTG8 in the spinal cord both at E10.5 and E12.5 (Fig.  8G,H, arrow and arrowhead) . At E10.5, Ascl1 was expressed in a broad dorsal domain that encompasses dp3 to dp5 (Fig. 8I, arrowhead) (Helms and Johnson, 2003; Zhuang and Sockanathan, 2006) . At E12.5, expression became weak. In order to further evaluate the possible correlation of the expression of MTG genes and proneural genes, we did in situ hybridization and immunohistochemistry on Ascl1-BAC-EGFP mice at E11.5. We find that in the ventral spinal cord, MTG8 expression correlated well with the Ascl1 lineage in the V2 interneuron domain (Fig. 9D,F, arrow) . In the ventral spinal cord, the expression of Neurog2 and Ascl1 was mutually exclusive at E11.5 (Fig. 9C , arrow and double arrows). In the dorsal spinal cord, the expression and lineage of Neurog2 and Ascl1 overlapped more extensively than in the ventral cord (Fig. 9B,C, arrowhead) . However, the broad expression pattern and mediolateral boundary of MTGR1 expression correlated better with that of Neurog2 than with Ascl1 (compare Fig. 9A,B,F) .
Summary of MTG Gene Expression
Our analysis of the expression of the MTG genes in the developing mouse CNS reveals that the three members of the MTG gene family are expressed in overlapping but distinctive populations of cells. Interestingly, MTG genes can be induced by over-expression of proneural bHLH genes in the neural tube (Cao et al., 2002; KoyanoNakagawa and Kintner, 2005; Logan et al., 2005; Seo et al., 2007; Gohlke et al., 2008) , and bHLH genes such as Neurog2 and Ascl1 show limited overlap in expression within the develop- ing central nervous system (Gradwohl et al., 1996) . Thus, it is possible that each bHLH proneural gene preferentially activates the expression of the three MTG genes. We compared the expression of MTG genes with that of Neurog2 and Ascl1, and found that the spatial and temporal expression patterns of all three members of the MTG gene family were compatible with their status as downstream targets of Neurog2 and/or Ascl1. MTGR1 expression was generally associated with that of Neurog2 in the dorsal telencephalon as well as in the thalamus and rostral pretectum. The retina and ventral spinal cord also showed some overlap. In each of these shared expression domains, MTGR1 expression appeared to immediately follow the onset of Neurog2, but was generally expressed only transiently. Few domains in the mantle zone continued to express MTGR1 beyond late embryonic stages. In contrast, MTG8 and MTG16 generally overlapped heavily with Ascl1 expression domains. MTG16 was particularly tightly linked to Ascl1 expression in the ventral telencephalon and diencephalon. MTG16 expression was still detectable at E15.5 and P0 in many regions (e.g., telencephalon, retina, ventral lateral geniculate nucleus). MTG8 was continuously expressed in most of the postmitotic cell populations that express it. These results suggest that Neurog2 and Ascl1 may indeed have preferential regulation on different MTG genes. Further investigations are needed to reveal the significance of this specificity. We recently observed that all members of the MTG protein family inhibit transcriptional activity of proneural bHLH proteins (Aaker et al., unpublished observation). Temporal and spatial specificity of MTG expression found in chick and Xenopus (Koyano-Nakagawa and Kintner, 2005) and in mice (this study) suggests that each MTG protein might have specific bHLH targets to inhibit.
EXPERIMENTAL PROCEDURES Animals
Care and experimentation on mice were done in accordance with the Institutional Animal Care and Use Committee of the University of Minnesota. Noon of the day on which the vaginal plug was found was counted as embryonic day 0.5 (E0.5). Stages of early embryos were confirmed by morphology (Kaufman, 1992) . CD1/ ICR mice (Charles River) and Ascl1-BAC-EGFP mice (MMRRC stock number 000295-UNC, Gong et al., 2003) were used.
In Situ Hybridization and Immunohistochemistry
In situ hybridization and immunohistochemistry were performed as described (Vue et al., 2007) . Antibodies used are: rabbit anti-GFP (Molecular Probes), goat anti-Neurog2 (Santa Cruz Biotechnology, sc-19233) , and mouse anti-Ascl1 (BD Pharmingen, 556604). For each embryonic stage, different layers of the cortex were assessed by (1) DAPI staining; VZ, SVZ, and CP have high cell density compared with SP (subplate)/IZ (intermediate zone) and MZ/PP, and (2) immunostaining of ␤III-tubulin, calretinin, and phospho-histone H3 (PH3); ␤III-tubulin is in high density in CP, calretinin is strongly expressed in MZ/ PP, and PH3 is expressed at the ventricular surface as well as in the SVZ (data not shown).
Probes
A template for MTG8 probe was obtained by PCR-amplifying the 3ЈUTR based on published sequence (bases 1,318 -2,363 of NCBI D32007) from E12.5 mouse spinal cord cDNA. The fragment was subcloned into pBSII and confirmed by sequencing. Clones of mMTG16b/CBFA2T3 (CA749581) and mMTGR1/CBFA2T2h (6405896) were purchased from the I.M.A.G.E. Consortium.
